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AN IMPROVED METHOD OF PROGRAMMING ELECTRONS ONTO A FLOATING 
GATE OF A NON-VOLATILE MEMORY CELL 



5 [0001] This application is a continuation-in-part application of a co-pending application 
10/358,623 filed on Febraary 4, 2003, which in turn claims the benefit of U.S. Provisional 
Application No. 60/370,888, filed April 5, 2002, and entitled High Coupling Non-Volatile 
Trench Memory Cell: U.S. Provisional Application No. 60/393,696, filed July 2, 2002, and 
entitled Non- Volatile Memory Trench Cell and Method of Making Same ; and U.S. Provisional 
10 Application No. 60/398,146, filed July 23, 2002, and entitled Non- Volatile Memory Trench Cell 
With Buried Floating Gate, all of which are incorporated herein in their entirety by reference. 



TECHNICAL FIELD 

1 5 [0002] The present invention relates to a self-aligned method of forming a semiconductor 
memory array of floating gate memory cells. The present invention also relates to a 
semiconductor memory array of floating gate memory cells of the foregoing type. 



BACKGROUND OF THE INVENTION 
20 [0003] Non-volatile semiconductor memory cells using a floating gate to store charges thereon 
and memory arrays of such non-volatile memory cells formed in a semiconductor substrate are 
well known in the art. Typically, such floating gate memory cells have been of the split gate 
type, or stacked gate type. 

[0004] One of the problems facing the manufacturability of semiconductor floating gate memory 
25 cell arrays has been the alignment of the various components such as source, drain, control gate, 
and floating gate. As the design rule of integration of semiconductor processing decreases, 
reducing the smallest hthographic feature, the need for precise alignment becomes more critical. 
Alignment of various parts also determines the yield of the manufacturing of the semiconductor 
products. 
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[0005] Self-alignment is well known in the art. Self-alignment refers to the act of processing 
one or more steps involving one or more materials such that the features are automatically 
aligned with respect to one another in that step processing. Accordingly, the present invention 
uses the technique of self-alignment to achieve the manufacturing of a semiconductor memory 
5 array of the floating gate memory cell type. 

[0006] There is a constant need to shrink the size of the memory cell arrays in order to maximize 
the number of memory cells on a single wafer. It is well known that forming memory cells in 
pairs, with each pair sharing a single source region, and with adjacent pairs of cells sharing a 
common drain region, reduces the size of the memory cell array. However, a large area of the 
10 array is typically reserved for the bit-line connection to the drain regions. The bit-line area is 
often occupied by the contact openings between memory cell pairs, and the contact to wordline 
spacing, which strongly depends upon lithography generation, contact alignment and contact 
integrity. In addition, significant space is reserved for the word-line transistor, the size of which 
is set by lithography generation and junction scaling. 

15 [0007] Traditionally, floating gates are formed with a sharp edge facing a control gate to 

enhance Fowler-Nordheim tunneling, which is used to move electrons off of the floating gate 
during an erase operation. The sharp edge is typically formed by oxidizing or partially etching 
the top surface of the floating gate poly in an uneven manner. However, as the dimensions of the 
floating gate get smaller, this sharp edge can be more difficult to form in this manner. 

20 [0008] There is also a need to improve the programming efficiency of memory cell array. 

Referring to Fig. IDA, there is shown a partial cross sectional view of a flash memory cell 200 of 
the prior art (as disclosed in U.S. Patent 5,029,130, whose disclosure is incorporated herein by 
reference in its entirety). During programming, region 210 is held at or near ground voltage. 
Region 220 is supplied with a high voltage such as +10 voUs. A depletion region 250 is then 

25 formed about the region 220. Further, because of the high capacitive coupling between region 
220 and the floating gate 230, the floating gate 230 "sees" a voltage of approximately +7 volts. 
A voltage slightly more positive than the threshold voltage, such as +1.5 volts, is applied to the 
control gate 240. Since the voltage at the control gate 240 is less than the voltage at the floating 
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gate 230, the field lines will emanate fi-om the floating gate 230 to the substrate 260, and then to 
the control gate 240. When a positive voltage is applied to the control gate 240, the portion of 
the channel region beneath the control gate 240 is "turned on", i.e. an inversion layer 280 is 
formed. Electrons flow from the first region 210 near the surface of the substrate 260 in the 
5 inversion layer 280 until it reaches the pinch off point 295. At that point 295, the electrons are 
accelerated by the field lines. However, in order to "inject" electrons onto the floating gate 230, 
the electrons from the first region 210 must collide with (i.e. scatter) either impxirities or lattice 
imperfections in the substrate 260 to generate momentum in the vertical direction. Further, only 
those electrons having sufficient vertical velocity to overcome the energy barrier between the 
10 oxide and the silicon will be injected onto the floating gate 230. As a result only a small 

percentage of electrons (on the order of 1 in a 1000) from the electron current in the inversion 
layer 280 will have sufficient energy to be injected onto the floating gate 230. Therefore, in this 
mechanism of programming, scattering is an essential component of the programming 
mechanism. 

15 [0009] Referring to Fig. lOB there is shown another programming mechanism of the prior art 
involving an EPROM cell 300. Similar to the discussion for the flash cell 200 shown in Fig. 10a, 
during programming, first region 210 is held at or near ground voltage. Region 220 is supplied 
with a high voltage such as +12 vohs. A depletion region 250 is then formed about the second 
region 220. A high voltage , such as +12 volts is also applied to the control gate 240, which 

20 results in the floating gate 230 "seeing' about +7 volts. Since the voltage on the floating gate 
230 is less than the voltage at the depletion region 250, the field lines will emanate from the 
depletion region 250 to the floating gate 230. Further, with the floating gate "seeing" about +7 
volts, the portion of the channel region beneath the floating gate 230 is **tumed on", i.e. an 
inversion layer 280 is formed. Electrons flow from the first region 210 near the surface of the 

25 substrate 260 in the inversion layer 280 until it reaches the pinch off point 295. At that point 

295, the electrons are accelerated by the field lines. However, the electrons are actually repulsed 
from the surface of the substrate 260 by the field lines. As a result the electrons travel in a 
"downward" direction. In order to "inject" electrons onto the floating gate 230, the electrons 
from the first region 210 must collide with either impurities or with the lattice imperfections in 

30 the substrate 260 to generate vertical component of momentum. Only those electrons having 
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sufficient initial vertical velocity and then sufficiently in the upward vertical direction to 
overcome the 1) repulsive field in the substrate; 2) energy barrier at the silicon-oxide interface; 
and 3) repulsive field in the oxide will be injected onto the floating gate 230. As a result because 
initially the electrons are actually traveling "downward" a fewer percentage of electrons than 
5 even the percentage of electrons in the flash cell 200 are programmed (on the order of 1 in 

hundreds of thousands or even a million fi-om the electron current in the inversion layer 280 will 
have sufficient energy to be injected onto the floating gate 230. Thus, similarly, in this 
mechanism of programming, scattering is an essential component of the programming 
mechanism. 

10 [0010] Thus it is one object of the present invention to create a method to improve the 

programming efficiency of a non-volatile memory cell having a floating gate for storage of 
electrons. 

[001 1] It is known to form memory cell elements over non-planar portions of the substrate. For 
example, U.S. Patent No. 5,780,341 (Ogura) discloses a number of memory device 
15 configurations that includes a step channel formed in the substrate surface. While the purpose of 
the step channel is to inject hot electrons more efficiently onto the floating gate, these memory 
device designs are still deficient in that it is difficult to optimize the size and formation of the 
memory cell elements as well the necessary operational parameters needed for efficient and 
reliable operation. 

20 [0012] There is a. need for a non-volatile, floating gate type memory cell array with significant 
cell size reduction while providing enhanced programming efficiency. 

SUMMARY OF THE INVENTION 
[0013] In the present invention, programming efficiency occurs by using a memory cell in a 
25 substrate of semiconductor material of a first conductivity type and having a first and second 
spaced-apart regions formed in the substrate of a second conductivity type. A non-co-planar 
channel region is formed in the substrate between the first and second regions. The non-co- 
planar channel region has two portions: a first portion and a second portion. An electrically 
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conductive control gate has a portion disposed adjacent to and insulated from the first portion of 
the channel region for creating an inversion layer therein. A floating gate has a portion disposed 
adjacent to and insulated from the second portion of the channel region by an insulator, for 
creating a depletion region having field lines directed to the floating gate, when a positive 
5 voltage is coupled to the floating gate. The first region is adjacent to the inversion layer, a 

method of progranmiing the device comprises creating the inversion layer. A stream of electrons 
is generated at the first region and the electrons traverse through the inversion layer. The 
electrons are is then accelerated through the depletion region by the field lines, with little or no 
scattering causing the electrons to be accelerated through the insulator and injected onto the 
10 floating gate. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0014] FIG. 1 A is a top view of a semiconductor substrate used in the first step of the method of 
present invention to form isolation regions. 

15 [0015] FIG. IB is a cross sectional view of the structure taken along the line IB-IB showing the 
initial processing steps of the present invention. 

[0016] FIG. IC is a top view of the structure showing the next step in the processing of the 
structure of Fig. IB, in which isolation regions are defined. 

[0017] FIG. ID is a cross sectional view of the structure in Fig. IC taken along the line ID-ID 
20 showing the isolation trenches formed in the structure. 

[0018] FIG. IE is a cross sectional view of the structure in Fig. ID showing the formation of 
isolation blocks of material in the isolation trenches. 

[0019] FIG. IF is a cross sectional view of the structure in Fig. IE showing the final structure of 
the isolation regions. 

25 [0020] FIGs. 2A-2Q are cross sectional views of the semiconductor structure in Fig. IF taken 
along the line 2A-2A showing in sequence the steps in the processing of the semiconductor 
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Structure in the formation of a non-volatile memory array of floating gate memory cells of the 
present invention. 

[0021] FIGs. 3A-3Q are cross sectional views of a periphery region of the semiconductor 
structure showing in sequence the steps in the processing of the semiconductor structure in the 
5 formation of the non-volatile memory array of floating gate memory cells of the present 
invention. 

[0022] FIG. 4 is a top plan view of the memory cell array of the present invention. 

[0023] FIGs. 5A-5J are cross sectional views of the semiconductor structure in Fig. IF taken 
along the line 2A-2A showing in sequence the steps in a first altemate processing embodiment of 
1 0 the semiconductor structure of the present invention. 

[0024] FIGs. 6A to 6D are cross sectional views of a semiconductor structure showing in 
sequence the steps in a second altemate processing embodiment of the semiconductor structure 
shown in Fig. 2B. 

[0025] FIGs. 7A-7D are cross sectional views of the isolation region of the semiconductor 
15 structure showing in sequence the steps in the second altemate processing embodiment of the 
stmcture shown in Fig. 3B. 

[0026] FIGs. 8A to 8D are cross sectional views of a semiconductor structure showing in 
sequence the steps in a third altemate processing embodiment of the semiconductor structure 
shown in Fig. 2B. 

20 [0027] FIGs. 9A-9D are cross sectional views of the isolation region of the semiconductor 
structure showing in sequence the steps in the third altemate processing embodiment of the 
structure shown in Fig. 3B. 

[0028] FIGs. lOA-lOB are partial cross-section views of non-volatile memory cells of the prior 
art, flash and EPROM, respectively, and their programming mechanism. 
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[0029] FIG. IOC is a partial cross-sectional view of a portion of the non-volatile memory cell of 
the present invention, and its programming mechanism. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

5 [0030] The method of the present invention is illustrated in Figs. 1 A to IF and 2 A to 2Q (which 
show the processing steps in making the memory cell array of the present invention), and Figs. 
3A-3Q (which show the processing steps in making the periphery region(s) of the semiconductor 
structure). The method begins with a semiconductor substrate 10, which is preferably of? type 
and is well known in the art. The thicknesses of the layers described below will depend upon the 
10 design rules and the process technology generation. What is described herein is for the 0.10 
micron process. However, it will be understood by those skilled in the art that the present 
invention is not limited to any specific process technology generation, nor to any specific value 
in any of the process parameters described hereinafter. 

Isolation Region Formation 

15 [0031] Figures 1 A to IF illustrate the well known STI method of forming isolation regions on a 
substrate. Referring to Fig. 1 A there is shown a top plan view of a semiconductor substrate 10 
(or a semiconductor well), which is preferably of? type and is well known in the art. First and 
second layers of material 12 and 14 are formed (e.g. grown or deposited) on the substrate. For 
example, first layer 12 can be silicon dioxide (hereinafter "oxide"), which is formed on the 

20 substrate 10 by any well known technique such as oxidation or oxide deposition (e.g. chemical 
vapor deposition or CVD) to a thickness of approximately 50-150 A. Nitrogen doped oxide or 
other insulation dielectrics can also be used. Second layer 14 can be silicon nitride (hereinafter 
"nitride"), which is formed over oxide layer 12 preferably by CVD or PECVD to a thickness of 
approximately 1000-5000 A. Fig. IB illustrates a cross-section of the resulting structure. 

25 [0032] Once the first and second layers 12/14 have been formed, suitable photo resist material 
16 is applied on the nitride layer 14 and a masking step is performed to selectively remove the 
photo resist material from certain regions (stripes 18) that extend in the Y or column direction, as 
shown in Fig. IC. Where the photo-resist material 16 is removed, the exposed nitride layer 14 
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and oxide layer 12 are etched away in stripes 18 using standard etching techniques (i.e. 
anisotropic nitride and oxide/dielectric etch processes) to form trenches 20 in the structure. The 
distance W between adjacent stripes 18 can be as small as the smallest lithographic feature of the 
process used. A silicon etch process is then used to extend trenches 20 down into the silicon 
5 substrate 10 (e.g. to a depth of approximately 500 A to several microns), as shown in Fig. ID. 
Where the photo resist 16 is not removed, the nitride layer 14 and oxide layer 12 are maintained. 
The resulting structure illustrated in Fig. ID now defines active regions 22 interlaced with 
isolation regions 24. 

[0033] The structure is further processed to remove the remaining photo resist 16. Then, an 
10 isolation material such as siUcon dioxide is formed in trenches 20 by depositing a thick oxide 
layer, followed by a Chemical-Mechanical-Polishing or CMP etch (using nitride layer 14 as an 
etch stop) to remove the oxide layer except for oxide blocks 26 in trenches 20, as shown in Fig. 
IE. The remaining nitride and oxide layers 14/12 are then removed using nitride/oxide etch 
processes, leaving STI oxide blocks 26 extending along isolation regions 24, as shown in Fig. 
15 IF. 

[0034] The STI isolation method described above is the preferred method of forming isolation 
regions 24. However, the well known LOCOS isolation method (e.g. recessed LOCOS, poly 
buffered LOCOS, etc.) could altemately be used, where the trenches 20 may not extend into the 
substrate, and isolation material may be formed on the substrate surface in stripe regions 18. 

20 Figures 1 A to IF illustrate the memory cell array region of the substrate, in which columns of 
memory cells will be formed in the active regions 22 which are separated by the isolation regions 
24. It should be noted that the substrate 10 also includes at least one periphery region 28 in 
which control circuitry is formed that will be used to operate the memory cells formed in the 
memory cell array region. Preferably, isolation blocks 26 are also formed in the periphery region 

25 28 during the same STI or LOCOS process described above. 

Memorv Cell Formation 
[0035] The structure shown in Fig. IF is further processed as follows. Figures 2A to 2Q show 
the cross sections of the structure in the active regions 22 from a view orthogonal to that of Fig. 
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IF (along line 2A-2A as shown in Figs. IC and IF), and Figs. 3 A to 3Q show the cross sections 
of the structure in the periphery region(s) 28, as the next steps in the process of the present 
invention are performed concurrently in both regions. 

[0036] An insulation layer 30 (preferably oxide or nitrogen doped oxide) is first formed over the 
5 substrate 10, as shown in Figs. 2A and 3A. The active region portions of the substrate 10 can be 
doped at this time for better independent control of the cell array portion of the memory device 
relative to the periphery region 28. Such doping is often referred to as a Vt implant or cell well 
implant, and is well known in the art. During this implant, the periphery region is protected by a 
photo resist layer, which is deposited over the entire structure and removed from just the memory 
1 0 cell array region of the substrate. 

[0037] Next, a thick layer of hard mask material 32 such as nitride is formed over oxide layer 30 
(e.g. --3500 A thick). A plurality of parallel second trenches 34 are formed in the nitride layer 32 
by applying a photo resist (masking) material on the nitride layer 32, and then performing a 
masking step to remove the photo resist material from selected parallel stripe regions. An 

15 anisotropic nitride etch is used to remove the exposed portions of nitride layer 32 in the stripe 
regions, leaving second trenches 34 that extend down to and expose oxide layer 30. After the 
photo resist is removed, an anisotropic oxide etch is used to remove the exposed portions of 
oxide layer 30 and extend second trenches 34 down to the substrate 10. A silicon anisotropic 
etch process is then used to extend second trenches 34 down into the substrate 10 in each of the 

20 active regions 22 (for example, down to a depth of approximately one feature size deep, e.g. 
about 500 A to several microns with 0.15 um technology). Altemately, the photo resist can be 
removed after trenches 34 are formed into the substrate 10. The resulting active/periphery 
regions 22/28 are shown in Figs. 2B/3B. 

[0038] A layer of insulation material 36 is next formed (preferably using a thermal oxidation or 
25 CVD oxide process) along the exposed silicon in second trenches 34 that forms the bottom and 
lower sidewalls of the second trenches 34 (e.g. '-60A to 150 A thick). A thick layer of 
polysilicon 38 (hereinafter "poiy) is then formed over the structure, which fills second trenches 
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34. Poly layer 38 can be doped (e.g. n+) by ion implant, or by an in-situ doped poly process. 
The resulting active/periphery regions 22/28 are shown in Figs. 2C/3C. 

[0039] A poly etch process (e.g. a CMP process using nitride layer 32 as an etch stop) is used to 
remove poly layer 38 except for blocks 40 of the polysilicon 38 left remaining in second trenches 
5 34. A controlled poly etch is then used to lower the height of poly blocks 40, where the tops of 
poly blocks 40 are disposed above the surface of the substrate, but below the tops of STI blocks 
26 in the isolation regions 24, as shown in Figs 2D/3D. 

[0040] Another optional poly etch is then performed to create sloped portions 42 on the tops of 
poly blocks 40 (adjacent the second trench sidewalls), as shown in Fig. 2E. A thermal oxidation 

10 process is then performed to form or enhance the tips of sloped portions 42, which oxidizes the 
exposed top surfaces of the poly blocks 40 (forming oxide layer 46 thereon), as shown in Fig. 2F. 
Oxide spacers 48 are then formed along the sidewalls of the second trenches 34. Formation of 
spacers is well known in the art, and involves the deposition of a material over the contour of a 
structure, followed by an anisotropic etch process, whereby the material is removed from 

15 horizontal surfaces of the structure, while the material remains largely intact on vertically 
oriented surfaces of the structure (with a rounded upper surface). Spacers 48 are formed by 
depositing oxide over the structure (e.g. approximately 300 to 1000 A thickness) followed by an 
anisotropic oxide etch. The oxide etch also removes the center portion of oxide layer 46 in each 
of the second trenches 34. The periphery region 28 is left unaffected. The resulting 

20 active/periphery regions 22/28 are shown in Figs. 2G/3G. 

[0041] An anisotropic poly etch in combination with some oxide etch (for adjustment of STI 
oxide height, along the trench 34) is next performed, which removes the center portions of the 
poly blocks 40 that are not protected by oxide spacers 48, leaving a pair of opposing poly blocks 
40a in each of the second trenches 34, as shown in Fig. 2H. An insulation deposition and 
25 anisotropic etch-back process is then used to form an insulation layer 50 along the exposed sides 
of poly blocks 40a inside second trenches 34. The insulation material could be any insulation 
material (e.g. ONO-oxide/nitride/oxide, or other high dielectric materials). Preferably, the 
insulation material is oxide, so that the oxide deposition/etch process also thickens the oxide 

* 
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spacers 48 and results in the removal of the exposed portions of oxide layer 36 at the bottom of 
each second trench 34 to expose the substrate, as shown in Figs. 21/31. 

[0042] Suitable ion implantation that, depending upon if the substrate is P or N type, may 
include arsenic, phosphorous, boron and/or antimony (and possible anneal) is then made across 
5 the surface of the structure to form first (source) regions 52 in the exposed substrate portions at 
the bottom of second trenches 34. The source regions 52 are self-aligned to the second trenches 
34, and have a second conductivity type (e.g. N type) that is different from a first conductivity 
type of the substrate (e.g. P type). The ions have no significant effect on the nitride layer 32. 
The resulting active/periphery regions 22/28 are shown in Figs. 2J/3J. 

10 [0043] A poly deposition step, followed by a poly CMP etch (using the nitride layer 32 as an 
etch stop) are used to fill second trenches 34 with poly blocks 54, as shown in Fig. 2K. A nitride 
etch follows, which removes nitride layer 32, and exposes upper edges of the poly blocks 40a. A 
tunnel oxide layer 56 is next formed on the exposed upper edges of poly blocks 40a, either by 
thermal oxidation, oxide deposition, or both. This oxide formation step also forms an oxide layer 

15 58 on the exposed top surfaces of poly blocks 54, as well as possibly thickening oxide layer 30 
over substrate 10. Optional Vt implantation in the periphery region 28 can be performed at this 
time by masking off the active regions 22. The resulting active/periphery regions 22/28 are 
shown in Figs. 2L/3L. 

[0044] The oxide layer 30 serves as the gate oxide for both the memory cells in the active 
20 regions, and the control circuitry in the periphery region. For each device, the thickness of the 
gate oxide dictate's its maximum operating voltage. Thus, if it is desired that some of the control 
circuitry operate at a different voltage than the memory cells or other devices of the control 
circuitry, then the thickness of the gate oxide 32 can be modified at this point in the process. In 
way of example but not limitation, photo resist 60 is formed over the structure, followed by a 
25 masking step for selectively removing portions of the photo resist in the periphery region to 
expose portions of oxide layer 30. The exposed portions of oxide layer 30 can be thinned (e.g. 
by using a controlled etch) or replaced (e.g. by an oxide etch and oxide deposition) with oxide 
layer 30a having the desired thickness, as illustrated in Figs. 2M/3M. 
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[0045] After removal of photo resist 60, a poly deposition step is used to form a poly layer 62 
over the structure (e.g. approximately 500-3000 A thick). Photo resist deposition and masking 
steps follow to form blocks of photo resist 64 on the poly layer in the periphery region 28, as 
shown in Figs. 2N/3N. An anisotropic poly etch is then used to remove poly layer 62 except for 
5 poly blocks 66 under photo resist blocks 64 (in periphery region 28), and poly spacers 68 

adjacent oxide spacers 48 (in active regions 22). Suitable ion implantation (and anneal) is used 
to form second (drain) regions 70 in the substrate active regions and source/drain regions 72/74 
in the substrate periphery region 28 for the devices therein. The resulting active/periphery 
regions 22/28 are shown in Figs. 20/30. 

10 [0046] After the photo resist blocks 64 are then removed, insulation spacers 76 are formed by 
insulation material deposition and anisotropic etch (e.g. nitride or oxide), and are disposed 
against poly spacers 68, oxide spacers 48 and poly blocks 66. A metal deposition step is then 
performed, to deposit a metal such as tungsten, cobalt, titanium, nickel, platinum, or 
molybdenum over the active and periphery regions 22/2§. The structures are then annealed, 

1 5 permitting the hot metal to flow and to seep into the exposed top portions of poly spacers 68 and 
poly blocks 66 to form a conductive layer of metalized polysilicon 78 (polycide) thereon. The 
metal deposited on the remaining structure is removed by a metal etch process. The resulting 
active/periphery regions 22/28 are shown in Figs. 2P/3P. 

[0047] Insulation material 80, such as BPSG or oxide, is then formed over the entire structure. 

20 A masking step is performed to define etching areas over the drain regions 70/74. The insulation 
material 80 is selectively etched in the masked regions to create contact openings that extend 
down to drain regions 70/74. The contact openings are then filled with a conductor metal (e.g. 
tungsten) to form metal contacts 82 that are electrically connected to drain regions 70/74. Drain 
line contacts 84/86 (e.g. almninum, copper, etc.) are added to the active and periphery 22/28 

25 regions respectively by metal masking over the insulation material 80, to connect together all the 
contacts 82 (and thus all the drain regions 70) in each active region 22, and to connect together a 
plurality of drain regions 74 in the periphery region 28. The final active region memory cell 
structure is illustrated in Fig. 2Q, and the final periphery region control circuitry structure is 
illustrated in Fig. 3Q. 
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[0048] As shown in Fig. 2Q, the process of the present invention forms pairs of memory cells 
that mirror each other, with a memory cell formed on each side of the poly block 54. For each 
memory cell, first and second regions 52/70 form the source and drain regions respectively 
(although those skilled in the art know that source and drain can be switched during operation). 
Poly block 40a constitutes the floating gate, and poly spacer 68 constitutes the control gate. 
Channel regions 90 for each memory cell are defined in the surface portion of the substrate that 
is in-between the source and drain 52/70. Each channel region 90 includes two portions joined 
together at an approximate right angle, with a first (vertical) portion 92 extending along the 
vertical wall of filled second trench 34 and a second (horizontal) portion 94 extending between 
the sidewall of filled second trench 34 and the drain region 70. Each pair of memory cells share 
a common source region 52 that is disposed underneath filled second trench 34 and is in 
electrical contact with poly block 54. Similarly, each drain region 70 is shared between adjacent 
memory cells fi^om different mirror sets of memory cells. 

[0049] Fig. 4 is a top view of the resulting structure showing the interconnection between bit 
lines 84 and drain regions 70, as well as control gates 68 which are continuously formed as 
control (word) Unes that extend across both the active and isolation regions 22/24. The above- 
described process does not produce source regions 52 that extend across the isolation regions 24 
(which can easily be done by a deep implant, or by removing the STI insulation material fi-om 
the isolation region portions of second trenches 34 before ion implantation). However, poly 
blocks 54 (which are in electrical contact with source regions 52) are formed continuously across 
the isolation regions to adjacent active regions, and form source lines each of which electrically 
connects together all the source regions 52 for each row of paired memory cells. 

[0050] The floating gates 40a are disposed in second trenches 34, with each floating gate facing 
and insulated fi'om one of the channel region vertical portions 92, one of the source regions 52 
25 and one of the poly blocks 54. Each floating gate 40a includes an upper portion that extends 
above the substrate surface and terminates in an edge 96 that faces and is insulated fi-om one of 
the control gates 68, thus providing a path for Fowler-Nordheim txmneling through oxide layer 
56. Poly blocks 54 each extend along and are insulated (by oxide layer 50) fi*om floating gates 
44a, for enhanced voltage coupling therebetween. It is important that there is at most only a 
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partial vertical overlap between any control gate and any floating gate, so that excessive 
capacitive coupling therebetween does not hinder the operation of the memory cell described 
below. This means that if there is any vertical overlap between the control gate and the floating 
gate, that the control gate does not extend over (in the horizontal direction) enough to completely 
5 overlap (in the vertical direction) the floating gate. 

Memory Cell Operation 
[0051] The operation of the memory cells will now be described. The operation and theory of 
operation of such memory cells are also described in U.S. Patent No 5,572,054, whose disclosure 
is incorporated herein by reference with regard to the operation and theory of operation of a non- 
10 volatile memory cell having a floating gate and a control gate, floating gate to control gate 
tunneling, and an array of memory cells formed thereby. 

[0052] To initially erase a selected memory cell in any given active region 22, a ground potential 
is applied to both its source 52 and drain 70. A high-positive voltage (e.g. +7 to +15 volts) is 
applied to the control gate 68. Electrons on the floating gate 40a are induced through the 

15 Fowler-Nordheim timneling mechanism to tunnel from the upper end of the floating gate 40a 
(primarily from edge 96), through the oxide layer 56, and onto the control gate 68, leaving the 
floating gate 40a positively charged. Tunneling is enhanced by the sharpness of edge 96. It 
should be noted that since each of the control gates 68 extends across the active and isolation 
regions as continuous control (word) lines, one memory cell in each active region is ^erased' at 

20 the same time. 

[0053] When a selected memory cell is desired to be programmed, a small voltage (e.g. 0.5 to 
2.0 V) is applied to its drain region 70. A positive voltage level in the vicinity of the threshold 
voltage of the MOS structure (on the order of approximately +0.2 to 1 volt above the drain node 
70) is appUed to its control gate 68. A positive high voltage (e.g. on the order of 5 to 10 volts) is 
25 applied to its source region 52. Because the floating gate 40 is highly capacitively coupled to the 
poly block 54, which is at the same voltage potential as the source region 52, the floating gate 40 
"sees" a voltage potential of on the order of +4 to +8 volts. This forms a deep depletion region 
250 in the substrate 10. Further, Since the voltage on the floating gate 40 is higher than the 



Gray Cary\EM\7 157624.1 
2102397-992313 



14 



Attv Dckt No: 2102397-992313 



PATENT 



voltage on the control gate 68, the field lines will emanate fi*om the floating gate 40 to the 
control gate 68, as shown in Fig. IOC. Further, since a positive voltage is applied to the control 
gate 68, an inversion layer 280 is formed in the substrate 10. The inversion layer 280 is 
connected to the drain region 70. A stream of programming electrons (as is well know current 
5 flows in a direction opposite to the stream of electrons) is then created at the drain region 70. 
The electrons traverse through the inversion layer 280 reaching a pinch off point 295. At the 
pinch off point 295, which is at or inside the depletion region 250, the electrons are accelerated 
by the field lines fi-om the floating gate 40. As can be seen firom Fig. IOC because the field lines 
emanate from the floating gate 40 directed to the control gate 68, the electrons are simply 

10 accelerated in the same general direction as the field lines. As they accelerate and gain energy, 
those electrons with sufficient energy will cross the insulating layer 36, and be injected onto the 
floating gate 40. Therefore, unlike the programming mechanism of the prior art, the electrons in 
the depletion region 250 do not require scattering to create a momentum component in the 
general direction of the floating gate 40. In fact, scattering is undesirable since it causes the 

15 electrons fi^om the pinch off point 295 to actually lose momentum and energy in the direction 
toward the floating gate 40. Thus, in the programming mechanism of the present invention, 
electrons in the depletion region are accelerated and injected onto the floating gate 40 with little 
or no scattering. 

[0054] As for the non-selected memory cells, low or ground potential is applied to the 
20 source/drain regions 52/70 and control gates 68 for memory cell rows/columns not containing 
the selected memory cell. Thus, only the memory cell in the selected row and column is 
programmed. 

[0055] The injection of electrons onto the floating gate 40a will continue until the reduction of 
the charge on the floating gate 40a can no longer sustain a high surface potential along the 
25 vertical channel region portion 92 to generate hot electrons. At that point, the electrons or the 
negative charges in the floating gate 40a will decrease the electron flow firom the drain region 70 
onto the floating gate 40a. 
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[0056] Finally, to read a selected memory cell, groimd potential is applied to its source region 
52. A read voltage (e.g. -0.5 to 2 volts) is applied to its drain region 70 and approximately 1 to 4 
volts (depending upon the power supply voltage of the device) is applied to its control gate 68. 
If the floating gate 40a is positively charged (i.e. the floating gate is discharged of electrons), 
5 then the vertical channel region portion 92 (directly adjacent to the floating gate 40a) is turned 
on. When the control gate 68 is raised to the read potential, the horizontal channel region portion 
94 (directly adjacent the control gate 68) is also turned on. Thus, the entire channel region 90 
will be turned on, causing electrons to flow from the source region 52 to the drain region 70. 
This sensed electrical current would be the "1" state. 

[0057] On the other hand, if the floating gate 40a is negatively charged, the vertical channel 
region portion 92 is either weakly turned on or is entirely shut off. Even when the control gate 
68 and the drain region 70 are raised to the read potential, little or no current will flow through 
vertical channel region portion 92. In this case, either the current is very small compared to that 
of the "1" state or there is no current at all. In this manner, the memory cell is sensed to be 
programmed at the "0" state. Ground potential is applied to the source/drain regions 52/70 and 
control gates 68 for non-selected columns and rows so only the selected memory cell is read. 

[0058] The memory cell array includes peripheral circuitry including conventional row address 
decoding circuitry, column address decoding circuitry, sense amplifier circuitry, output buffer 
circuitry and input buffer circuitry, which are well known in the art. 

20 [0059] The present invention provides a memory cell array with reduced size and superior 

program efficiency. Memory cell size is reduced significantly because the source regions 52 are 
buried inside the substrate 10, and are self-aligned to the second trenches 34, where space is not 
wasted due to limitations in the lithography generation, contact alignment and contact integrity. 
Each floating gate 40a has a lower portion disposed in second trench 34 formed in the substrate 

25 for receiving the tuimeling electrons during the program operation and for turning on the vertical 
channel region portion 92 during the read operation. Each floating gate 40a also has an upper 
portion that extends out of the second trench formed in the substrate and terminates in an edge 
facing the control gate for Fowler Nordheim txmneling thereto during the erase operation. 
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[0060] Program efficiency is greatly enhanced in the present method by the electrons being 
accelerated by the field lines emanating form the floating gate, and with little or no impact 
ionization to cause the electrons to lose momentum or energy. The estimated program efficiency 
(number of electrons injected compared to total number of electrons) in a prior art device shown 
5 in Fig. lOA is estimated at about 1/1000. However, in the present invention, the program 
efficiency is improved by 10 fold or even 100 fold, where ahnost all the electrons are injected 
onto the floating gate. 

[0061] Also with the present invention, there is also an enhanced voltage coupling between each 
floating gate 40a and the corresponding source region 52 via the poly block 54 (electrically 
10 connected with the source region 52). At the same time, there is relatively low voUage coupling 
between the floating gate 40a and the control gate 68. Furthermore, having source region 52 and 
drain region 70 separated vertically as well as horizontally allows easier optimization of 
reUability parameters without affecting cell size. 

First Alternate Embodiment 
15 [0062] Figures 5 A to 5 J show the cross sections of the structure in the active regions 22 for an 
alternate method for making the memory cell array of the present invention. This first altemate 
process starts with the structure shown in Fig. 2A. For simplicity, elements in common with the 
first embodiment described above are designated using the same element numbers. 

[0063] The thick nitride layer 32 (e.g. -1000 to 10,000 A in thickness) is formed over oxide 
20 layer 30. Parallel second trenches 34 are formed in the nitride layer 32 by applying a photo resist 
(masking) material on the nitride layer 32, and then performing a masking step to remove the 
photo resist material fi-om selected parallel stripe regions. An anisotropic nitride etch is used to 
remove the exposed portions of nitride layer 32 in the stripe regions, leaving second trenches 34 
that extend down to and expose oxide layer 30. After the photo resist is removed, oxide spacers 
25 102 are formed in second trenches 34 by an oxide deposition step, followed by an oxide 

anisotropic etch step. The portions of oxide layer 30 in the bottom center of the second trenches 
are also removed during this oxide etch step, exposing the underlying substrate 10. The resulting 
structure is shown in Fig. 5A. 
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[0064] A silicon anisotropic etch process is used to extend second trenches 34 down into the 
substrate 10 in each of the active regions 22 (for example, down to a depth of approximately 500 
A to several microns with 0.15 um technology). The width of the second trenches 34 in substrate 
10 is essentially the spacing between the oxide spacers 102. Suitable ion implantation (and 
5 possible anneal) is then made across the surface of the structure to form the first (source) regions 
52 in the exposed substrate portions at the bottom of second trenches 34. The source regions 52 
are self-aligned to the second trenches 34, and have a second conductivity type (e.g. N type) that 
is different fi-om a first conductivity type of the substrate (e.g. P type). The ions have no 
significant effect on the nitride layer 32. The resulting structure is shown in Fig. 5B. 

10 [0065] Oxide layer 100 is next formed on the exposed silicon substrate 10 (forming the bottom 
and lower sidewalls of the second trenches 34), preferably by thermal oxidation (e.g. -70 to 150 
A thick), A thick poly layer is then formed over the structure, which fills second trenches 34. A 
poly CMP etch process, using nitride layer 32 as an etch stop, is used to remove poly layer 
except for poly blocks 54 left remaining in second trenches 34. A controlled poly etch is then 

1 5 used to lower the height of poly blocks 54 below the top of nitride layer 32. An optional oxide 
layer 104 is then formed on the poly blocks 54 (e.g. by thermal oxidation). A thin nitride layer 
106 is then deposited over the structure, followed by masking step and nitride etch to remove the 
nitride layer 106 except for those portions over oxide layer 104 and poly blocks 54. This can be 
accomplished by depositing photo resist over the structure, followed by a controlled exposure so 

20 that only the photo resist in the second trench 34 is left covering the deposited nitride. The 
resulting structure is shown in Fig. 5C. 

[0066] Using the nitride layer 106 as a mask, a dry and/or wet oxide etch is used to remove the 
oxide spacers 102. A thermal oxidation process follows, which forms oxide layer 108 on 
exposed side portions of poly blocks 54 and on exposed portions of the substrate. An anisotropic 
25 oxide etch is used to removed the oxide layer 1 08 just formed on the substrate. The resulting 
structure is shown in Fig. 5D. 

[0067] Using nitride layers 32 and 106 as masks, a silicon etch is used to etch away the exposed 
silicon substrate in second trenches 34 down to a depth even with the bottoms of poly blocks 54. 
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Additional ion implantation (and possible anneal) is used to expand source regions 52 
underneath second trenches 34, as shown in Fig. 5E. 

[0068] An insulation layer 1 10 is then formed on the second trench sidewalls, preferably by 
CVD deposition of oxide (e.g. --70-150 A thick). A thick poly layer is formed over the structure 
5 which fills second trenches 34, followed by a CMP poly etch (using nitride layer 32 as an etch 
stop) and additional poly etch to form poly blocks 40a having tops that are below that of the STI 
oxide blocks 26 in the isolation regions 24. Sloped etching or oxidation is then used to sharpen 
edges 96 on the tops of poly blocks 40a. An oxide deposition and etch back process is then used 
to fill the top portions of second trenches 34 with oxide 1 12, which seals poly blocks 40a and 
1 0 creates oxide spacers at the tops of second trenches 34. The resulting stracture is shown in Fig. 
5F, and includes three poly blocks in each second trench, surrounded and sealed by oxide. Poly 
block 54 is in electrical contact with source region 52 and disposed between the pair of poly 
blocks 40a (which are insulated from source region 52). 

[0069] An optional extension of poly block 54 can be performed by removing nitride layer 106 
15 and oxide layer 104 via controlled nitride and oxide etches, followed by a poly deposition and 
poly CMP etch back. An optional poly etch can be used to lower the new tops of poly blocks 54 
before an oxidation process is used to form a protective oxide layer 1 14 over poly blocks 54, as 
shown in Fig. 5G. A nitride etch is next used to remove nitride layer 32. A controlled oxide etch 
is then used to recess the exposed oxide by about 10 to several hundred angstroms, followed by a 
20 thermal oxidation process that reforms oxide layers 30 and 1 14 and results in an indentation in 
the oxide surrounding the tops of poly blocks 40a). The resulting structure is shown in Fig. 5H. 

[0070] A poly deposition and anisotropic poly etch is used to form poly spacers 68 adjacent 
oxide spacers 1 12. Suitable ion implantation (and anneal) is used to form second (drain) regions 
70 in the substrate. Insulation spacers 76 are then formed by insulation material deposition and 
25 anisotropic etch (e.g. nitride or oxide), and are disposed against poly spacers 68. A metal 

deposition step is then performed, to deposit a metal such as tungsten, cobalt, titanium, nickel, 
platinum, or molybdenum over the structure, which is then annealed to permit the hot metal to 
flow and to seep into the exposed top portions of poly spacers 68 to form polycide 78 thereon. 
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The remaining metal deposited on the remaining structure is removed by a metal etch process. 
The resulting structure is shown in Fig. 51. 

[0071] Insulation material 80, metal contacts 82, and drain line contact 84 are formed as 
described above with respect to Fig. 2Q to result in the final structure shown in Fig. 5 J. The 

5 advantage of this embodiment is the ease with which the solid source line poly blocks 54 are 
formed, and their electrical contact with source regions 52. Moreover, using the poly block 54 to 
separate the later formed floating gate poly blocks 40a makes it easier to prevent shorts between 
the floating gates. 

Second Altemate Embodiment 

1 0 [0072] Figures 6 A to 6G and 7 A to 7G illustrate a second altemate method for making the 
memory cell array of the present invention. This second altemate process begins with the 
structures shown in Figs. 2B and 3B, but without the formation of oxide layer 30 underneath 
nitride layer 32, as oxide layer 30 is optional for this embodiment. After the formation of 
insulation material 36 as described above with respect to Fig. 2C, the ion implantation (and 

15 possible anneal) process is used to form the first (source) regions 52 in the exposed substrate 
portions at the bottom of second trenches 34. A thin poly layer 1 18 is then formed over the 
structures, as shown in Figs. 6A and 7A. Poly layer 118 can be doped (e.g. n+) by ion implant, 
or by an in-situ process. The thickness of poly layer 1 18 is preferably 50-500 A, and dictates the 
eventual thickness of the floating gates for the final memory cell device. 

20 [0073] Oxide is formed over the structure, followed by a planarizing oxide etch (e.g. CMP etch 
using portions of poly layer 118 over nitride layer 32 as an etch stop) which fills second trenches 
34 with oxide blocks 120. A poly etch follows that removes the exposed portions of poly layer 
118 (i.e. those portions over nitride layer 32). An oxide etch is next used to recess the oxide 
blocks 120 down even with those portions of poly layer 118 left disposed over the STI blocks 26 

25 in the isolation regions 24 (e.g. using portions of poly layer 1 18 in the inactive regions over STI 
blocks 26 as an oxide etch stop). The resulting active/peripheral region structures are shown in 
Figs. 6B and 7B. 
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[0074] It should be noted that two different portions of poly layer 1 18, disposed at two different 
topography levels, are used as an etch stop in the oxide etch, poly etch, oxide etch process just 
described. Specifically, as shown in Fig. 6A, poly layer 1 1 8 has first portions 1 19a formed over 
the nitride layer 32 outside the trench 34. Fig. 6H is the same view of the second trench 34 as 
5 shown in Fig. 6A, but in the isolation regions 24 instead of the active regions 22. As shovm in 
Fig. 6H, poly layer 1 18 has second portions 1 19b formed over STI blocks 26. Thus, poly layer 
portions 1 19a are disposed at a higher topography level than that of poly layer portions 1 19b. In 
order to form oxide block 120 in the active regions, the first oxide etch is performed using poly 
layer portions 1 19a as an etch stop to evenly fill second trenches 34 in both the active and 
10 isolation regions 22/24. The subsequent oxide etch uses poly layer portions 1 19b as an etch stop 
to set the proper level of oxide block 120 in the active region and to fiiUy expose poly layer 118 
in the isolation region 24. 

[0075] A poly etch is next used to remove exposed portions of poly layer 118 (i.e. along upper 
portions of second trenches 34 in the active regions, and over STI blocks 26 in the isolation 

15 regions 24). An oxidation process follows, to form oxide blocks 122 on the exposed end 

portions of poly layer 118. Dielectric spacers 124, such as oxide, are then formed, inside second 
trenches 34 over oxide blocks 122 and partially over oxide blocks 120, via oxide deposition and 
etch back, as shown in Fig. 6C. Another oxide etch is then used to remove the exposed center 
portion of oxide blocks 120 (between spacers 124, which are reduced in height by the oxide 

20 etch), exposing poly layer 1 18 at the center of second trenches 34. A poly etch and an oxide etch 
follow to remove the exposed portions of poly layer 118 and oxide layer 36 at the bottom center 
of second trenches 34, exposing portions of the substrate. The resulting structures are shown in 
Figs. 6D/7D. 

[0076] Dielectric spacers 125 are next formed inside second trenches 34 by depositing nitride (or 
25 oxide) over the structure, followed by an anisotropic nitride etch. Second trenches 34 are then 
filled with poly blocks 54 using a poly deposition and CMP etch back process (using nitride 
layer 32 as an etch stop), as shown in Fig. 6E. Nitride layer 32 is removed fi*om the active and 
isolation regions 22/24 and periphery region 28 using a nitride etch. The timnel oxide layer 56 is 
next formed on the exposed upper edges of poly layer 118, either by thermal oxidation, oxide 
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deposition, or both. Since oxide layer 32 was not formed earlier in this process, the oxide layer 
56 also extends over the exposed portions of substrate 10. This oxide formation step also forms 
oxide layer 58 on the exposed top surfaces of poly blocks 54. Optional Vt implantation in the 
periphery region 28 can be performed at this time by masking off the active regions 22. The 
5 resulting active/periphery regions 22/28 are shown in Figs. 6F/7F. 

[0077] The remaining processing steps described above with respect to Figs. 2M through 2Q are 
next performed on the structures shown in Figs. 6F and 7F, resulting in a final active region 
memory cell structure illustrated in Fig. 6G, and the final periphery region control circuitry 
structure illustrated in Fig. 7G. 

10 [0078] As shown in Fig. 6G, L-shaped poly layer 118 constitutes the floating gate for each of the 
memory cells. Each floating gate 118 includes a pair of orthogonally oriented elongated portions 
1 1 8a/ll 8b joined together at their proximal ends. Floating gate portion 1 1 8a extends along and 
is insulated fi-om the substrate sidewall of second trench 34, with an upper segment 11 8c 
extending above the substrate surface. Floating gate portion 1 18b extends along and is insulated 

15 fi-om a bottom substrate wall of second trench 34 (i.e. disposed over and insulated fi-om source 
region 52). The control gate spacer 68 has a first portion laterally adjacent to and insulated fi-om 
the floating gate upper segment 1 18c, and a second portion disposed over and insulated from the 
upper segment 1 1 8c. The floating gate segment 1 1 8c has a distal end that terminates in a thin tip 
portion having an edge 96 that directly faces and is insulated from the control gate 68, thus 

20 providing a path for Fowler-Nordheim tunneling between the floating gate 118 and the control 
gate 68. 

[0079] The second alternate embodiment of the present invention provides a memory cell array 
with reduced size and superior program efficiency. Memory cell size is reduced significantly 
because the source regions 52 are buried inside the substrate 10, and are self-aligned to the 
25 trenches 34, where space is not wasted due to limitations in the lithography generation, contact 
alignment and contact integrity. Program efficiency is greatly enhanced by "aiming" the 
horizontal portion 94 of the channel region 90 at the floating gate 118. The L-shaped floating 
gate configuration of the present invention provides many advantages. Because the floating gate 
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portions 1 18a/l 18b are made from a thin layer of poly material, the upper tip thereof is narrow 
and enhances Fowler-Nordheim tunneling to the control gate 68. There is no need for extensive 
thermal oxidation steps to form sharp edges for enhanced tunneling. There is also an enhanced 
voltage couphng ratio between each floating gate 118 and the corresponding source region 52 
5 given the proximity of the horizontal floating gate portion 1 1 8b and the source region 52 

(separated only by thin oxide layer 36). Since the upper tip of floating gate upper segment 1 1 8c 
of floating gate portion 1 18a is not formed using an oxide process, but instead is formed by the 
deposition of a thin layer of polysilicon, more heavily doped polysilicon can be used to prevent 
poly depletion problems during operation. Moreover, having source region 52 and drain region 
10 70 separated vertically as well as horizontally allows easier optimization of reliability parameters 
without affecting cell size. 

[0080] It should be noted that for this embodiment, voltage coupling between floating gates 1 18 
and source regions 52 are sufficient, so that additional voltage couphng with poly blocks 54, 
while favorable, is not necessary. Poly blocks 54 for this embodiment serve mainly to 
electrically connect all the source regions 52 in each row of paired memory cells together. 
Therefore, poly blocks 54 can be omitted from this embodiment, so long as an electrical contact 
similar to contact 82 is formed down to each source region 52. It should also be noted that each 
poly block 54 needs to be insulated from the substrate as it crosses the isolation regions, so that it 
does not short to the substrate. This is accomplished by making the depth of STI blocks 26 in the 
isolation regions deeper than the bottom of second trench 34, or by ensuring the material for STI 
blocks 26 etches slower than the material used to form oxide blocks 120. 

Third Altemate Embodiment 
[0081] Figures 8 A to 8D and 9 A to 9D illustrate a third altemate method for making the memory 
cell array of the present invention. This third altemate process begins with the structures shown 
25 in Figs. 2B and 3B. After the formation of insulation material 36 as described above with 
respect to Fig. 2C, the ion implantation (and possible anneal) process is used to form the first 
(source) regions 52 in the exposed substrate portions at the bottom of second trenches 34. Poly 
spacers 126 are then formed in second trenches 34 by forming a layer of polysilicon over the 
structure, followed by an anisotropic poly etch that removes the poly layer except for the poly 
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Spacers 126, as shown in Figs. 8 A and 9 A. The poly spacers preferably have a height no greater 
than the STI blocks 26 in the isolation regions 24 (e.g. use STI blocks 26 in the inactive regions 
as an etch stop), which ensures all the polysilicon is removed from the isolation regions. 

[0082] Oxide is formed over the structures of Figs. 8A/9A, followed by a planarizing oxide etch 
5 (e.g. CMP etch using nitride layer 32 as an etch stop), which fills second trenches 34 with oxide 
blocks 128. An oxide etch is next used to recess the oxide blocks 128 down even with the tops 
of poly spacers 126 (e.g. use poly spacers 126 as an oxide etch stop). Dielectric spacers 130, 
such as oxide, are then formed inside second trenches 34 and over poly spacers 126, via oxide 
deposition and etch back, as shown in Fig. 8B. Another oxide etch is then used to remove the 
10 exposed center portions of oxide blocks 128 and oxide layer 36 (between spacers 130, which are 
reduced in height by the oxide etch), exposing portions of the substrate. The resulting structures 
are shown in Figs. 8C/9C. 

[0083] The remaining processing steps described above with respect to Figs. 2K through 2Q are 
next performed on the structures shown in Figs. 8C and 9C, resulting in a final active region 
memory cell structure illustrated in Fig. 8D, and the final periphery region control circuitry 
structure illustrated in Fig. 9D. In this embodiment, poly spacers 126 constitute the floating 
gates, which are insulated from the control gates 68 via oxide 56. By forming the floating gates 
as spacers, the number and/or complexity of processing steps are reduced. The floating gate 
spacers 126 each terminate in a sharp edge 96 that directly faces and is insulated from the control 
gate 68, thus providing a path for Fowler-Nordheim tunneling between the floating gate 126 and 
the control gate 68. 

[0084] It is to be understood that the present invention is not limited to the embodiment(s) 
described above and illustrated herein, but encompasses any and all variations falling within the 
scope of the appended claims. For example, trenches 20/34 can end up having any shape that 
25 extends into the substrate, not just the elongated rectangular shape shown in the figures. Also, 
although the foregoing method describes the use of appropriately doped polysiUcon as the 
conductive material used to form the memory cells, it should be clear to those having ordinary 
skill in the art that in the context of this disclosure and the appended claims, "polysilicon" refers 
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to any appropriate conductive material that can be used to form the elements of non-volatile 
memory cells. In addition, any appropriate insulator can be used in place of silicon dioxide or 
silicon nitride. Moreover, any appropriate material who's etch property differs from that of 
silicon dioxide (or any insulator) and from polysilicon (or any conductor) can be used in place of 
5 silicon nitride. Further, as is apparent from the claims, not all method steps need be performed in 
the exact order illustrated or claimed, but rather in any order that allows the proper formation of 
the memory cell of the present invention. Additionally, the above described invention is shown 
to be formed in a substrate which is shown to be uniformly doped, but it is well known and 
contemplated by the present invention that memory cell elements can be formed in well regions 
10 of the substrate, which are regions that are doped to have a different conductivity type compared 
to other portions of the substrate. Lastly, single layers of insulating or conductive material could 
be formed as multiple layers of such materials, and vice versa. 
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